Abstract Heat shock protein 70 (Hsp70) has been shown to have an anti-apoptotic function, but its mechanism is not clear in heart. In this study, we examined the effect of Hsp70 deletion on AIF-induced apoptosis during ischemia/ reperfusion (I/R) in vivo. Although Hsp70 KO and WT mice demonstrated similar amounts of AIF released from mitochondria after I/R surgery, Hsp70 KO mice showed a significantly greater increase in apoptosis, larger infarct size, and decreased cardiac output. There was also a significant fourfold increase in the nuclear accumulation of AIF in Hsp70 KO mice compared with WT mice. Treatment with 4-AN (4-amino-1,8-napthalimide, 3 mg/kg), a potent inhibitor of PARP-1, which is a critical regulator of AIF-induced apoptosis, significantly blocked the release of AIF from mitochondria and the translocation of AIF into the nuclei after I/R in both WT and Hsp70 KO mice. In addition, 4-AN treatment resulted in a significant inhibition of apoptosis, a reduction of infarct size, and attenuated cardiac dysfunction in both WT and Hsp70 KO mice after I/R. The anti-apoptotic function of Hsp70 occurs through the inhibition of AIF-induced apoptosis by blocking the mitochondria to nucleus translocation of AIF. PARP-1 inhibition improves cardiac function by blocking AIFinduced apoptosis.
Introduction
Apoptosis has been shown to play an important role in various cardiovascular diseases [19] . Mitochondria have a central role in the induction of apoptosis by releasing various apoptotic factors into the cytosol. One such factor is cytochrome c, which is critical in initiating cardiac apoptosis through the activation of caspases [18, 24] . Yet, caspase inhibition alone does not completely inhibit apoptosis in heart [1, 30] . Apoptosis inducing factor (AIF) is also released from the mitochondria and mediates apoptosis independent of the caspases [40] . AIF is a 57 kDa mitochondrial protein that under normal circumstances acts as an oxidoreductase [40, 43] . However, after apoptotic stimulation, AIF is released from mitochondria followed by nuclear translocation [33, 45] . The mitochondria to nucleus translocation of AIF has been observed in many models of apoptosis, and the subcellular localization of AIF, analogous to the role of cytochrome c, appears to be particularly important for its dual functions as a survival and an apoptotic factor [8, 10, 26] .
Although, there are currently no known specific inhibitors of AIF, stress-inducible heat shock protein 70 (Hsp70) has been shown to delay or prevent AIF-mediated toxicity [13, 36] . Overexpression of Hsp70 provides protection from apoptosis induced by serum withdrawal in cultured Electronic supplementary material The online version of this article (doi:10.1007/s00395-011-0164-1) contains supplementary material, which is available to authorized users. cells and cardiac ischemia/reperfusion in animals [36, 41] . Hsp70 is known to regulate apoptotic cell death by directly interfering with the function of several proteins that induce apoptotic cell death [5, 36] , as well as by indirectly increasing levels of the anti-death protein Bcl-2 [39] . In addition, Hsp70 has been shown to act as a molecular chaperone and is involved in protein folding [11, 14] . However, the protective mechanisms of Hsp70 against AIF-mediated apoptosis in heart remain to be defined. In this study, we investigate the mechanism of Hsp70 in AIFinduced apoptosis after ischemia/reperfusion (I/R) in heart in vivo, and examine whether PARP-1 inhibition is effective in blocking AIF-induced apoptosis.
Methods

Materials
Antibodies were obtained from the following sources: AIF and cytochrome c (BD Pharmingen, Franklin Lakes, NJ, USA), Hsp70 (Calbiochem, Gibbstown, NJ, USA), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (SigmaAldrich, St. Louis, MO, USA), connexin 43 (Cell Signaling Technology, Danvers, MA, USA), cytochrome c oxidase IV (Molecular Probes, Eugene, OR, USA), and anti-mouse HRP and anti-rabbit HRP (Jackson Immuno Research Laboratory, West Grove, PA, USA). 4-amino-1,8-napthalimide (4-AN) was obtained from Biomol International (Plymouth Meeting, PA, USA).
Animal models
Experiments were conducted using 10-week old male Hsp70 knockout (KO) mice (The Jackson Laboratory, Bar Harbor, ME, USA) and their littermates in a C57BL/6 background. The mice were housed at the Animal Research Facility at Beth Israel Deaconess Medical Center under pathogen-free conditions with a reverse daily 12:12 h light:dark cycle. The animal care standards were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and all experimental procedures were approved by the Institutional Animal Care and Use Committee of Beth Israel Deaconess Medical Center.
Animal surgeries I/R surgery was performed at 10 weeks of age as described previously [28] . Briefly, mice were anaesthetized, intubated and placed on a rodent ventilator. After thoracotomy, the left anterior descending artery (LAD) artery was identified and tied around a specialized 30G-catheter with a 7-0 silk suture. The animal remained under anesthesia and ventilated for a specified duration of ischemia. Reperfusion was achieved by cutting the suture and reestablishing arterial perfusion. Sham operated mice underwent the same procedure without LAD occlusion/reperfusion.
Assays for caspase-3 and PARP-1 activities Caspase-3 activities were measured using synthetic caspase substrate AcDEVD-pNa. Release of pNa was measured at a wavelength of 405 nm by spectrometer, and adjusted to the background. PARP activity was measured from cell extracts with an ELISA based, PARP Universal Colorimetric Assay Kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instruction. Details of the assays for caspase-3 and PARP-1 activities are provided in the Supplemental information.
Subcellular fractionation, immunoblots and immunoprecipitation
Subcellular fractionations were obtained according to the previously published protocol [2, 38] . Immunoblotting was performed as described previously [9, 38] . Protein concentration of whole heart tissue lysate was determined by the Bradford method, and GAPDH was used as a loading control. Immunoprecipitation was performed using Catch and Release v2.0 according to the manufacturer's instructions (Millipore, Billerica, MA, USA). Details of the methods are provided in the Supplemental information.
Measurement of the outer membrane integrity of mitochondria
The integrity of the outer membrane was assessed by measuring cytochrome c oxidase activity using a cytochrome c Oxidase Assay Kit in accordance with the manufacturer's instructions (Sigma, St. Louis, MO, USA). Details of the method are provided in the Supplemental information.
Infarct size determination
Infarct size was measured 24 h after I/R surgery. At the time of LAD occlusion, 50 lL of fluorescent microspheres (Molecular Probe, Carlsbad, CA, USA) was injected directly into the left ventricle (LV) via the apex using a 25 gauge needle. Since microspheres are not deposited in areas supplied by the occluded LAD, the fluorescent microsphere negative area accurately demarcates the total area at risk (AAR). At the time of killing 48 h after I/R surgery, the heart was excised and cut into 1 mm perpendicular sections. Sections were stained with 2,3,5-triphenyltetrazolium chloride (TTC) (Sigma-Aldrich, St. Louis, MO, USA) solution to visualize the infarcted myocardium (TTC negative area). Total LV area, AAR, and area of infarction were determined for each slice using computer planimetry and NIH Image software, and the standardized size of the infarct calculated in each slice as a proportion of the AAR (TTC negative area/AAR).
Cardiac functional analysis
Cardiac functional analysis was performed 2 weeks after I/R surgery using LV pressure-volume loop measurements. Pressure-volume parameters were measured under isoflurane (2%) inhalant anesthesia using a 1.4 Fr. micro-tip pressure-volume catheter (Scisense Inc, Ontario, Canada) inserted into the right common carotid artery [32] . The catheter was then gently advanced into the LV. Initially, LV pressure and volume were measured at the steady state to obtain LV hemodynamic parameters, such as heart rate, stroke volume and cardiac output, as well as dp/dt max and dp/dt min . After the steady-state measurements, we occluded the inferior vena cava (IVC) by gently lifting the tie around the IVC while briefly suspending mechanical ventilation. We obtained LV end-systolic pressure-volume relationship (ESPVR) during this maneuver. Data were recorded using a Powerlab system (ADInstruments, Colorado Springs, CO, USA), and analyzed using CardioSoft Pro software (CardioSoft, Houston, TX, USA).
Immunohistochemistry
Immunofluorescent staining was performed as described on frozen sections of the heart in the ischemic area 24 h after I/R surgery [25, 38] . Apoptosis was quantified using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. To distinguish cardiomyocytes from other cells, we stained for cardiac a-actinin. We used 4 0 ,6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Eugene, OR, USA) to stain nuclei. The amount of apoptosis was expressed as the number of TUNEL positive cardiomyocyte nuclei (TUNEL?) as a proportion of the total number of all cardiomyocyte nuclei (N). At least 10 high power fields (*2,000 nuclei/field) were analyzed.
Statistical analyses
Statistical analyses were conducted using one-way ANOVA and Tukey's tests for post hoc differences between group means. Statistical significance was accepted at P \ 0.05. Data is given as the mean ± standard error (SE).
Results
I/R induces AIF and caspase activation in WT and Hsp70 KO mice hearts in vivo
We first sought to define an I/R protocol that yields maximal activation of AIF in WT mice in vivo. We examined three different durations of ischemia by occluding the coronary artery for 30, 45, or 60 min followed by reperfusion for various lengths of time from 0 to 24 h. For all three durations of ischemia, we observed a significant increase in cytosolic AIF that peaked at 9 h of reperfusion (Fig. 1a, b) . In contrast, cytochrome c release from the mitochondria, an indication of the activation of caspase-dependent apoptosis, peaked earlier at 6 h of reperfusion. There was a very modest increase in cytosolic AIF and cytochrome c after sham operation, which most likely is due to the effect of anesthesia (Supplemental Figure 1) .
The caspases and PARP-1 are important regulators of caspase-dependent and caspase-independent apoptosis, respectively [1, 3, 7, 29] . To examine the temporal relationship between PARP-1 and caspase activation, we measured PARP-1 and caspase-3 activities in response to I/R. We found a significant increase in caspase-3 activity in all three ischemic protocols. It was particularly prominent after 30 and 45 min of ischemia and peaked at 6 h of reperfusion (Fig. 1c) . In comparison, PARP-1 activity was significantly increased after 9 h reperfusion with 45 and 60 min of ischemia, but not with 30 min of ischemia (Fig. 1d ). PARP-1 activity continued to increase up to 24 h, which was the longest duration of reperfusion examined. These findings suggest that a more intense apoptotic insult results in a greater propensity to promote caspase-independent apoptosis in heart, and that the activation of AIF and PARP-1, factors involved in caspaseindependent apoptosis, is delayed relative to the activation of cytochrome c and caspase-3, which are involved in caspase-dependent apoptosis. We chose 45 min of ischemia for subsequent experiments since this I/R protocol showed a significant increase in AIF and PARP activation.
To investigate whether Hsp70 deletion affects I/Rinduced AIF release in vivo, we examined the effect of 45 min of ischemia with reperfusion in Hsp70 KO mice. We observed similar patterns of AIF and cytochrome c release in Hsp70 KO and WT mice after I/R surgery. AIF release peaked at 9 h after I/R, whereas cytochrome c release peaked at 3-6 h after I/R (Fig. 2a, b) . To determine the effects of I/R on changes in Hsp70, we measured the expression of Hsp70 mRNA and protein. The endogenous expression of both Hsp70 mRNA (Fig. 2c, e) and protein (Fig. 2d, f) were significantly increased after I/R in WT mice. As expected, however, there was no detectable mRNA or protein expression of Hsp70 in Hsp70 KO mice either at baseline or after I/R. PARP-1 inhibition blocks AIF activation by blocking AIF release and nuclear translocation after I/R Since we observed a significant increase in PARP-1 activity after I/R in both WT and Hsp70 KO mice, we next examined whether PARP-1 might regulate the release of AIF. WT and Hsp70 KO mice were pretreated before I/R surgery with 3 mg/kg of 4-AN, a potent PARP-1 inhibitor that has been shown to inhibit PARP-1 activation during cerebral I/R [16, 50] . Pretreatment with 4-AN blocked both PARP-1 activation (Fig. 3a) and decreased the amount of AIF released from the mitochondria in both WT and Hsp70 KO mice (Fig. 3b, c) . These data suggest that I/R induced release of AIF is regulated by PARP-1. To determine if there is a direct interaction between AIF and Hsp70, we immunoprecipitated cytosolic AIF from WT and Hsp70 KO mice heart lysates after I/R (both 30 and 45 min of ischemia and 9 h of reperfusion) or sham operation using anti-AIF antibodies, and then performed western blotting with anti-Hsp70 antibodies. We found that cytosolic AIF from WT, but not Hsp70 KO mice hearts, showed an interaction with Hsp70 (Fig. 3d) . In addition, we confirmed that the mitochondrial fractions we used contained connexin 43, which indicates that they are subsarcolemmal and not interfibrillar mitochondria (Fig. 3e) [6] .
Our data did not show significant differences in the amount of AIF released from mitochondria in Hsp70 KO compared to WT mice. Since it has been suggested that Hsp70 inhibits AIF nuclear translocation, we used immunofluorescent staining to assess whether I/R is associated with increased nuclear translocation of AIF in Hsp70 KO mice hearts. We observed a significant fourfold increased accumulation of AIF in the nuclei in Hsp70 KO as compared to WT mice after I/R (Fig. 4a, b) . Pretreatment with 4-AN, however, significantly inhibited AIF nuclear translocation. To address the possibility of a pleiotropic effect of PARP-1 inhibition extending beyond its effect on Hsp70, we examined the mitochondrial outer membrane. We found that PARP-1 inhibition significantly attenuated the integrity of the mitochondrial outer membrane (Fig. 4c) . We also found that the level of Bcl-2, which was significantly downregulated by I/R, did not change significantly with 4-AN treatment (Supplemental Figure 2) . These findings suggest that PARP-1 inhibition results in anti-apoptotic effects via modulating the nuclear translocation of AIF via Hsp70, and maintaining mitochondrial membrane integrity in heart.
Effect of Hsp70 deletion on infarct size and cardiac apoptosis after I/R We then evaluated the influence of Hsp70 deletion on infarct size 24 h after I/R using fluorescent microspheres and TTC. We observed significant increases in infarct size in both WT and Hsp70 KO mice; the increase in infarct size, however, was 26% greater in Hsp70 KO mice (Fig. 5a, b) . Pre-treatment with 4-AN resulted in a Fig. 2 Effect of I/R on Hsp70 KO mice. a Western blot analysis of cytosolic AIF and cytochrome c in Hsp70 KO mice hearts after 45 min of ischemia and reperfusion. GAPDH is internal loading control for cytosolic fractions. COX IV is to confirm the absence of significant mitochondrial contamination in cytosolic fractions. b Quantitative analysis of cytosolic AIF and cytochrome c after 45 min of ischemia and reperfusion. Cytosolic AIF and cytochrome c levels were normalized to GAPDH levels. N = 4. *P \ 0.05 versus AIF 0 h reperfusion, #P \ 0.05 versus cytochrome c 0 h reperfusion. c-d Hsp70 mRNA (c) and protein (d) levels after 45 min of ischemia followed by 9 and 24 h of reperfusion in WT and Hsp70 KO mice. 18S was used as an internal control for mRNA expression, and GAPDH was used as a loading control for western blots. e-f Quantitative analysis of mRNA (e) and protein (f) levels after 45 min of ischemia followed by 9 and 24 h of reperfusion in WT and Hsp70 KO mice. Hsp70 mRNA expression was normalized to 18S expression, and Hsp70 protein expression was normalized to GAPDH expression. N = 4. *P \ 0.05 versus WT 0 h reperfusion Basic Res Cardiol (2011) 106:397-407 401 significant reduction of infarct size to similar levels in both WT and Hsp70 KO mice. To examine whether the increase in infarct size after I/R is mediated by increased cardiac apoptosis, we measured the rate of apoptosis 24 h after I/R using TUNEL staining. We found that I/R induced significantly more TUNEL-positive nuclei in Hsp70 KO heart (43%) than WT (38%) (Fig. 5c) . Furthermore, pretreatment with 4-AN resulted in a significant reduction of cardiac apoptosis in both WT and Hsp70 KO. We also determined apoptosis rate in the non-infarcted and non-ischemia area of the myocardium after I/R. We found that there was no significant increase in apoptosis in the remote myocardium between sham and I/R groups (Supplemental Figure 3) . These data suggest that the deletion of Hsp70 results in an exaggerated and deleterious response in heart to I/R by inducing cardiac apoptosis and increasing myocardial damage; PARP-1 inhibition results in significant protection in both WT and Hsp70 KO mice.
Effect of I/R and Hsp70 deletion on cardiac function
To determine whether the reduction in infarct size and cardiac apoptosis with PARP-1 inhibition is associated with improved cardiac function, we performed pathological and functional analyses 2 weeks after I/R. Pathological analysis showed that Hsp70 KO mice developed a significant increase in heart weight (HW) and body weight (BW) ratio (HW/BW) and lung weight (LuW) and BW ratio (LuW/BW) when compared with WT mice after I/R (Table 1) . Pretreatment with 4-AN significantly attenuated HW/BW and LuW/BW ratios in both WT and Hsp70 KO mice.
We also measured cardiac function using pressure-volume loop analysis. Although, there were no significant differences in the basal hemodynamic parameters of WT and Hsp70 KO mice (Fig. 6a-d) , various cardiac functional parameters decreased significantly in both groups 2 weeks after I/R. There were 2.3-, 1.9-, 2.3-and 0.12-fold decreases in stroke volume, stroke work, cardiac output, and ?dp/dt in Hsp70 KO mice as compared to WT mice ( Fig. 6a-d) . PARP-1 inhibition, however, resulted in significant improvement of these parameters to near baseline levels in both WT and Hsp70 KO mice. These findings suggest that Hsp70 KO mice develop significantly greater cardiac dysfunction than WT mice after I/R, and these parameters are significantly improved after PARP-1 inhibition.
Discussion
The main finding in this study is that deletion of Hsp70 exaggerates I/R-induced cardiac dysfunction, which is associated with increased cardiac apoptosis mediated by AIF activation. The mechanism of increased AIF-induced apoptosis involves an increase in the nuclear translocation of AIF in Hsp70 KO mouse heart. We also found that PARP-1 inhibition by 4-AN effectively inhibited apoptosis by inhibiting AIF release from mitochondria and AIF nuclear translocation.
AIF-mediated cell death is a two-step process that involves the initial release of AIF from the mitochondria into the cytosol, which is followed by nuclear translocation and accumulation [40, 45, 49] . Recent data based on the crystallographic structure of AIF suggest that AIF translocates into the nucleus, where it interacts with DNA and induces chromatin condensation to exert its apoptotic function [48] . We and other investigators have shown that blocking AIF release from the mitochondria into the cytosol can block apoptosis in various models [8, 9, 45] . However, the significance of AIF nuclear translocation in heart has not been well understood, and the effectiveness of blocking AIF nuclear translocation is not clear. In this study, we demonstrate that Hsp70 is involved in the nuclear translocation of AIF, and that the inhibition of AIF nuclear translocation can inhibit apoptosis in heart.
Opening of mitochondrial permeability transition pore has been implicated in I/R-injuries in heart [4, 15] . We observed that the mitochondrial release of cytochrome c and caspase-3 activation were most intense after 30 min of ischemia, and peaked with 3-6 h of reperfusion. However, the mitochondrial release of AIF and PARP-1 activation were most intense after 45 or 60 min of ischemia, and the maximal activation occurred after 9 h or more of reperfusion. These findings demonstrate the differences in the time course of factors involved in caspase-dependent apoptosis (e.g. cytochrome c and caspase-3) and caspase-independent apoptosis (e.g. AIF and PARP-1). They suggest that the caspase-independent pathway is activated in a setting of more prolonged or intense apoptotic stimulation. It has been suggested that apoptosis has dual phases related to pore size. Pores that are formed initially are smaller and allow only smaller molecules, such as cytochrome c, to be released, but over time, the size of the pores increases, allowing larger molecules, such as AIF and Endo G, to be released [27, 42] . We have previously shown that release of AIF is preferentially initiated after prolonged apoptotic stimulation, or in a setting of caspase inhibition, such as treatment with pan-caspase inhibitor, zVAD.fmk [9, 18] . Other mechanisms of mitochondrial apoptotic factor release may involve loss of mitochondrial membrane potential, mitochondrial swelling and ultimate outer membrane rupture [44] .
The anti-apoptotic function of Hsp70 involves interactions with several components of the apoptotic machinery. It has been shown that Hsp70 can also inhibit caspaseindependent apoptosis by directly interacting with AIF and thereby neutralizing AIF-induced nuclear modifications [13] , and that the down-regulation of Hsp70 by an anti-sense construct increases the sensitivity of cells to AIF-mediated killing [36] . Previous studies suggested that Fig. 5 The effect of PARP-1 inhibition on infarct size and cardiac apoptosis. a Representative heart sections from WT and Hsp70 mice after 45 min of ischemia and 24 h of reperfusion with or without 4-AN. Infarct sizes were determined as infarct area (IA)/ AAR using TTC and fluorescent microspheres. Infarct areas were determined using TTC staining (the infarct is the pale area) (upper panels), and areas at risk were measured using fluorescent microspheres (florescent negative area) (lower panels). the deletion of Hsp70 is associated with cardiac dysfunction and impaired stress response to I/R ex vivo [20] . In contrast, Hsp70 has been suggested to play a cardioprotection role early after myocardial infarction [31] . In this study, we showed the cardioprotective effect of Hsp70 against I/R injury, and the regulation of caspase-independent apoptosis by Hsp70 in heart in vivo. Since an upregulation of Hsp70 after I/R is evident as early as 9 h of reperfusion, the increase in Hsp70 likely contributes to the cardioprotection. However, other mechanisms of Hsp70's cardioprotective effect, in addition to the blocking of AIF nuclear translocation, cannot be ruled out. In addition, we cannot rule out that Hsp70 overexpression during I/R may be AIF-mediated. However, Hsp70 is overexpressed in conditions that are not known to cause apoptosis, such as heat stress. Thus, the effect of AIF-mediated Hsp70 overexpression, if it occurs, will likely be insignificant.
PARP-1 is a highly conserved, 116-kDa nuclear enzyme involved in DNA repair [49] and has been shown to facilitate both the release of AIF from mitochondria and AIF nuclear translocation [10, 34] . We also observed increased PARP-1 activity with increasing cytosolic AIF release in response to I/R in both WT and Hsp70 KO mice. PARP-1 inhibition effectively blocked the release of AIF from mitochondria and the nuclear translocation of AIF in Hsp70 KO mice. Supporting this finding, PARP-1 inhibition using either isoindolinone-based PARP-1 inhibitor (INO-1001) or PARP-1 genetic deficient mice has been found to reduce the mitochondrial-to-nuclear translocation of AIF in a mouse model of heart failure [46] . The mechanism responsible for PARP-1-dependent release of AIF from mitochondria remains to be clarified.
In our study, the protective effect of Hsp70 was relatively modest as compared to the robust protection achieved by PARP-1. Since PARP-1 regulates a multitude of factors, Hsp70 regulation of PARP-1 may represent only a partial effect on myocardial protection. In fact, overexpression of human Hsp70 does not appear to affect normal protein synthesis or the stress response in transgenic mice when compared with nontransgenic mice [35] suggesting that Hsp70 may not be the primary targeted molecule. Nevertheless, PARP-1 activity appears to be important for AIF to translocate to the nucleus after apoptotic stimulation, a process most likely mediated by small PAR fragments signaling into the mitochondria [49] . As such, AIF is currently believed to play an important role in PARP-1-dependent cell death. Another potential mechanism may involve a PARP-1-dependent activation of c-Jun N-terminal kinase via a pathway using members of the tumor necrosis factor signaling cascade [47] .
In this study, we focused on AIF-mediated apoptosis after I/R. However, other mitochondria-mediated mechanisms [12, 21] or other types of cell death, such as necrosis and autophagy, may also be involved in this model. Necrosis, which has often been viewed as an accidental and uncontrolled cell death process, may also be a regulated type of programmed cell death [37, 51] . Autophagy has features resembling apoptosis, including a possible association with the caspases and Bcl-2 [22, 23] . Studies show that different types of cell death can occur simultaneously in the same tissue [17] . In fact, the various types of cell death may represent a spectrum of cell death processes, and they may have triggering events in common. On the other hand, the intensity and duration of insult and as well as the Fig. 6 The effect of PARP-1 inhibition on cardiac function. Stroke volume (a), stroke work (b), cardiac output (c), ?dp/dt and -dp/dt (d) in WT and HSP 70 KO mice after 45 min of ischemia and 2 weeks of reperfusion with and without 4AN. N = 6. *P \ 0.05 versus Sham, #P \ 0.05 versus I/R, P \ 0.05 WT I/R Basic Res Cardiol (2011) 106:397-407 405 tissue type may contribute to which cell death mechanisms predominate. We did not specifically take account of other cell death processes in this paper, but we nevertheless recognize that they have the potential to make a contribution to overall cell death in our model. More work is needed to address these issues.
